weight for a few months, but most have difficulty maintaining clinically significant weight loss over the long term. According to data from the National Health and Nutrition Examination Survey (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , only 1 in 6 overweight and obese adults report ever having maintained weight loss of at least 10% for 1 year. 1 Among dietary weightloss trials, in which reporting bias can be eliminated, the long-term success rates may be even lower. 2 One explanation for the poor long-term outcome of weight-loss diets relates to behavior, in that the motivation to adhere to restrictive regimens typically diminishes with time. An alternative explanation is that weight loss elicits biological adaptations-specifically a decline in energy expenditure (adaptive thermogenesis) and an increase in hunger-that promote weight regain. 3, 4 Obesity treatment should emphasize behavioral methods to foster and maintain decreased energy intake. Several recent clinical trials indicate a direct relationship between dietary ad-herence and weight loss, regardless of dietary treatment group assignment. [5] [6] [7] However, because metabolic pathways vary in energetic efficiency, dietary composition could affect energy expenditure directly by virtue of macronutrient differences or indirectly through hormonal responses to diet that regulate metabolic pathways. 8, 9 Diets that aim to attenuate the increase in blood glucose levels after eating-specifically, low-glycemic index (emphasizing carbohydrate source) 10 and very low-carbohydrate (focusing on carbohydrate restriction) 11 diets-have been hypothesized to confer such a "metabolic advantage." Acutely, reducing dietary glycemic load diet may elicit hormonal changes that improve the availability of metabolic fuels in the late postprandial period, and thereby decrease hunger and voluntary food intake. 9, 12 Chronically, a low-glycemic load diet may attenuate the decline in resting energy expenditure (REE) that occurs during weight loss. 13, 14 We conducted a controlled feeding study to evaluate the effects of 3 weightloss maintenance diets, which encompass prevailing ranges of macronutrient composition and glycemic load (a low-fat diet, a low-glycemic index diet, and a very low-carbohydrate diet) on energy expenditure, hormones, and components of the metabolic syndrome.
METHODS
The study comprised run-in and test phases (FIGURE 1). During the run-in phase, we obtained baseline data for study outcomes, restricted energy intake of participants to achieve a 12.5% decrease in body weight, and established energy requirements for stabilizing weight at the reduced level. We assessed body composition by dualenergy x-ray absorptiometry before and after weight loss. During the test phase, we used a 3-way crossover design to evaluate test diets (low-fat, low-glycemic index, and very lowcarbohydrate) in random order under conditions of weight maintenance. We measured study outcomes during an inpatient hospital admission and under free-living conditions at baseline and the end of each test diet period. Data were collected at Children's Hospital Boston and Brigham and Women's Hospital, Boston, Massachusetts, between June 16, 2006, and June 21, 2010 . Stable isotope analysis for assessing total energy expenditure (TEE) was conducted at Baylor College of Medicine, Houston, Texas. The institutional review boards at all participating institutions approved the study protocol, and participants provided written informed consent. Methodological detail can be found in the eMethods (http: //www.jama.com).
Participants
Participants included men and women aged 18 to 40 years with a body mass index (calculated as weight in kilograms divided by height in meters Body composition was assessed during the weight monitoring period of the run-in phase and following weight loss. Assessments during inpatient hospital admissions and under free-living conditions occurred during the weight monitoring period and at the end of each test diet period. Immediately before the 3-day inpatient hospital admission, the assessments under free-living conditions were conducted over 14 (total energy expenditure) or 7 (physical activity) days. There were 6 possible diet sequences to which each participant could be randomly assigned (as described in the eMethods; http://www.jama.com). 15 with protein intake at the upper end of the range to enhance satiety during weight loss. 16 The low-fat diet, which had a high glycemic load, was designed to reflect conventional recommendations to reduce dietary fat, emphasize whole grain products, and include a variety of vegetables and fruits. 17 The low-glycemic index diet aimed to achieve a moderate glycemic load by replacing some grain products and starchy vegetables with sources of healthful fat and low-glycemic index vegetables, legumes, and fruits. The low-fat and low-glycemic index diets had similar protein and fiber contents. The very low-carbohydrate diet was modeled on the Atkins Diet and had a low glycemic load due to more severe restriction of carbohydrate. We provided 3 g of fiber with each meal (Metamucil, Procter & Gamble) during the very low-carbohydrate diet as recommended. 11 To ensure micronutrient adequacy and minimize the influence of micronutrient differences among test diets, we gave each participant a daily multivitamin and mineral supplement.
Study Outcomes
Assessments conducted during inpatient hospital admissions included the primary outcome of REE by indirect calorimetry and secondary outcomes of hormones (leptin, thyroid stimulating hormone, triiodothyronine, and free urinary cortisol), insulin sensitivity (indexes derived from an oral glucose tolerance test 18 ), other metabolic syndrome components (high-density lipoprotein [HDL] cholesterol, total cholesterol, triglycerides, plasminogen activator inhibitor 1 activity, high sensitivity C-reactive protein [CRP] , and blood pressure), and participant ratings of hunger and well-being. (To convert triiodothyronine to nmol/L, multiply by 0.0154; HDL and non-HDL cholesterol to mmol/L, multiply by 0.0259; triglycerides to mmol/L, multiply by 0.0113; plasminogen activator inhibitor 1 to pmol/L, multiply by 19.231; and CRP to nmol/L, multiply by 9.524.) Assessments conducted under free-living conditions included TEE by doubly-labeled water and physical activity by accelerometry.
Statistical Analyses
The crossover trial was designed to provide more than 80% power to detect a difference of 80 kcal/d in REE between diets, as observed in our prior study. 14 The order of diets in the test phase was randomly assigned for each participant. We followed the intentionto-treat principle, ascribing the assigned diet to each measure regardless of adherence.
Analytical procedures were based on methods for crossover trials described by Senn. 19 For each outcome, we fitted a repeated-measures mixed-effects model with measurement period as independent variable (baseline, low-fat diet, low-glycemic index diet, very lowcarbohydrate diet), adjusting for sex, age, weight after run-in phase, sequence of diets, mean weight during measurement period, order of measurement period (baseline always first; testphase diets second, third, or fourth), within-participant covariance among measurement periods, and where applicable correlation among 3 daily measures within the measurement period. Variables with skewed distribution were log-transformed for analysis. One variable with extreme skew (CRP) was rank transformed for analysis. 20 We tested the overall null hypothesis of equal mean in the 3 test-phase periods (H 0 : low fat = low glycemic index=very low carbohydrate) using a 2-sided criterion of P Ͻ .05. Whenever this hypothesis was rejected, we performed pairwise comparisons with a Bonferroni-adjusted criterion of P Ͻ .017 (= .05/3). We also constructed a test for linear trend across diets, proceeding from highest to lowest glycemic load. We applied an outlier-deletion algorithm with optimal properties, equivalent to robust regression. 21 As missing values were uncommon (typically 1 per outcome), we did not perform any imputation, relying on the unbiasedness of mixed-effects regression when data are missing at random. 22 We used SAS version 9.2 (SAS Institute Inc) for all computations. Data are shown as mean (95% CI) unless otherwise noted.
RESULTS
We enrolled 32 participants, including 17 men and 15 women. Of these, 11 participants did not complete the study (FIGURE 2). Baseline characteristics for the 21 participants who completed the study are shown in 
Energy Expenditure
Energy expenditure during weightloss maintenance differed significantly among the 3 diets (TABLE 3 and  FIGURE 3 ). The decrease in REE from pre-weight-loss levels, measured by indirect calorimetry in the fasting state, was greatest for the low-fat diet ( Regarding components of the metabolic syndrome, indexes of peripheral (P = .02) and hepatic (P = .03) insulin sensitivity were lowest with the lowfat diet. Comparing the low-fat, lowglycemic index, and very lowcarbohydrate diets, serum HDL cholesterol (mean [95% CI], 40 [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] 
COMMENT
The results of our study challenge the notion that a calorie is a calorie from a Abbreviations: CRP, C-reactive protein; FFM, fat-free mass; FQ, food quotient; HDL, high-density lipoprotein; MVPA, moderate-to vigorous-intensity physical activity; PAI-1, plasminogen activator inhibitor 1; RQ, respiratory quotient; REE, resting energy expenditure; TEE, total energy expenditure; TSH, thyroid-stimulating hormone. SI conversions: To convert triiodothyronine to nmol/L, multiply by 0.0154; HDL and non-HDL cholesterol to mmol/L, multiply by 0.0259; triglycerides to mmol/L, multiply by 0.0113; PAI-1 to pmol/L, multiply by 19.231; and CRP to nmol/L, multiply by 9.524. a From repeated-measures analysis of variance modeling variation among the 4 measurement periods, adjusted for sex, age, order of diets, baseline weight, and mean weight during each period as well as covariance among periods within participant and covariance among 3 measurement days within period. Overall P value tests the hypothesis that mean outcome was equal in the 3 test diet periods. P for trend tests the hypothesis of linear change in mean outcome from low-fat diet to low-glycemic index diet to very low-carbohydrate diet, assuming equal spacing. b Indicates that means for the low-fat diet vs low-glycemic index diet for a particular outcome were not significantly different as judged by Bonferroni-adjusted comparison (PϾ.017) following significant overall test of the null hypothesis: low fat=low glycemic index=very low carbohydrate (PϽ.05). c Indicates that means for the low-glycemic index diet vs very low-carbohydrate diet for a particular outcome were not significantly different as judged by Bonferroni-adjusted comparison (PϾ.017) following significant overall test of the null hypothesis: low fat=low glycemic index=very low carbohydrate (PϽ.05). d Log transformed for analysis (adjusted mean and 95% CI retransformed to natural units). e Parameters calculated from oral glucose tolerance test according to Abdul-Ghani et al. 18 Peripheral insulin sensitivity is defined as rate of decline of glucose between 60 and 120 minutes divided by time-weighted mean insulin between baseline and 120 minutes: {-[Glu120 -Glu60]÷[(5ϫInsFast ϩ 10ϫIns10 ϩ 10ϫIns20 ϩ 20ϫIns30 ϩ 30ϫIns60 ϩ 30ϫIns90 ϩ 15ϫIns120)/ 120]}. Hepatic insulin sensitivity is defined as the reciprocal product of area under the glucose curve and area under the insulin curve between baseline and 30 minutes:
}. In these formulas, glucose is expressed in mg/dL and insulin in µIU/mL. In the table, hepatic insulin sensitivity is scaled up by 10 3 for readability. f Rank transformed for analysis (entries are median and 95% CI in natural units).
metabolic perspective. During isocaloric feeding following weight loss, REE was 67 kcal/d higher with the very lowcarbohydrate diet compared with the low-fat diet. TEE differed by approximately 300 kcal/d between these 2 diets, an effect corresponding with the amount of energy typically expended in 1 hour of moderate-intensity physical activity.
The physiological basis for the differences in REE and TEE remains subject to speculation. Triiodothyronine was lowest with the very lowcarbohydrate diet, consistent with previously reported effects of carbohydrate restriction 23 ; thus, changes in thyroid hormone concentration cannot account for the higher energy expenditure on this diet. The thermic effect of food (the increase in energy expenditure arising from digestive and metabolic processes) dissipates in the late postprandial period and would not affect REE measured in the fasting state. Because the thermic effect of food tends to be greater for carbohydrate than fat, 24, 25 it would also not explain the lower TEE on the low-fat diet. Although protein has a high thermic effect of food, 16 the content of this macronutrient was the same for the lowfat and low-glycemic index diets and contributed only 10% more to total energy intake with the very lowcarbohydrate diet compared with the other 2 diets. Furthermore, physical activity as assessed by accelerometry did not change throughout the study. Alternative explanations for the observed differences in REE and TEE may involve intrinsic effects of dietary composition on the availability of metabolic fuels 13, 14 or metabolic efficiency, changes in hormones (other than thyroid) or autonomic tone affecting catabolic or anabolic pathways, and (for TEE) skeletal muscle efficiency as regulated by leptin. [26] [27] [28] [29] Regarding the last possibility, the ratio of energy expenditure to leptin concentration has been proposed as a measure of leptin sensitivity, 30 and this ratio varied as expected in our study among the 3 diets (very low carbohydrateϾlow glycemic indexϾlow fat).
Although the very low-carbohydrate diet produced the greatest improvements in most metabolic syndrome components examined herein, we identified 2 potentially deleterious effects of this diet. Twenty-four hour urinary cortisol excretion, a hormonal measure of stress, was highest with the very low-carbohydrate diet. Consistent with this finding, Stimson et al 31 reported increased whole-body regeneration of cortisol by 11␤-HSD1 and reduced inactivation of cortisol by 5␣-and 5␤-reductases over 4 weeks on a very low-vs moderate-carbohydrate diet. Higher cortisol levels may promote adiposity, insulin resistance, and cardiovascular disease, as observed in epidemiological studies. [32] [33] [34] In a 6-year prospective, population-based study of older adults in Italy, 35 individuals in the highest vs lowest tertile of 24-hour cortisol excretion, with or without preexisting cardiovascular disease, had a 5-fold increased risk of cardiovascular mortality. C-reactive protein also tended to be higher with the very lowcarbohydrate diet in our study, consis- tent with the findings of Rankin and Turpyn. 36 Other studies also have found reductions in measures of chronic inflammation, including CRP with a lowglycemic index diet. [37] [38] [39] A main strength of our study was use of a controlled feeding protocol to establish weight stability following weight loss. Other strengths included a crossover design to allow for withinindividual comparisons, examination of 3 physiologically sustainable diets spanning a wide range of prevailing macronutrient compositions, control for dietary protein between the low-fat and low-glycemic index diets, state-of-theart methods to assess TEE under freeliving conditions, collection of other study outcomes under direct observation during inpatient hospital admissions to a metabolic ward, and use of observed RQ by indirect calorimetry to verify macronutrient differences among the diets.
Main study limitations are the relatively short duration of the test diets and the difficulty extrapolating findings from a feeding study to a more natural setting, in which individuals consume self-selected diets. In particular, the very low-carbohydrate diet involved more severe carbohydrate restriction than would be feasible for many individuals over the long term. Therefore, the study may overestimate the magnitude of effects that could be obtained by carbohydrate restriction in the context of a behavioral intervention. In addition, participants in the study were selected for ability to comply with the rigors of a 7-month feeding protocol and may not represent overweight and obese individuals in the general population. Although we could not assess participant adherence during the outpatient phases of the study, good maintenance of weight loss throughout the test phase provides some reassurance on this point.
A methodological issue in crossover feeding studies involves the possibility of carry-over effects between test diets. However, random assignment of participants to a diet sequence and statistical control for order effects would diminish this possibility. In addition, we used compartmental modeling for analysis of TEE to correct for residual tracer and possible variations in dilution spaces and water kinetics among study periods. Another limitation relating to TEE measurement involves reliance on several assumptions, including the FQ of the test diets. However, sensitivity analysis demonstrated that our results would withstand plausible inaccuracies in estimates of FQ and qualitatively similar results were obtained when substituting measured RQ for calculated FQ. In addition, we did not assess physiological differences among participants (for example, involving insulin secretion 40, 41 ) that might influence individual responses to the test diets.
In conclusion, our study demonstrates that commonly consumed diets can affect metabolism and components of the metabolic syndrome in markedly different ways during weightloss maintenance, independent of energy content. The low-fat diet produced changes in energy expenditure and serum leptin [42] [43] [44] that would predict weight regain. In addition, this conventionally recommended diet had unfavorable effects on most of the metabolic syndrome components studied herein. In contrast, the very lowcarbohydrate diet had the most beneficial effects on energy expenditure and several metabolic syndrome components, but this restrictive regimen may increase cortisol excretion and CRP. The low-glycemic index diet appears to have qualitatively similar, although smaller, metabolic benefits to the very low-carbohydrate diet, possibly without the deleterious effects on physiological stress and chronic inflammation. These findings suggest that a strategy to reduce glycemic load rather than dietary fat may be advantageous for weight-loss maintenance and cardiovascular disease prevention. Ultimately, successful weight-loss maintenance will require behavioral and environmental interventions to facilitate long-term dietary adherence. But such interventions will be most effective if they promote a dietary pattern that ameliorates the adverse biological changes accompanying weight loss.
